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mechanism for vectorial transport through the NPC. round of GTP hydrolysis (assuming that only one Ran molecule is bound by the importin complex). Alternatively, if a zone of overlap between a GAP and exchange factor exists within the pore, multiple rounds of hydrolysis could occur.
There are additional nucleotide-specific Ran-binding proteins. One, RanBP1 (called Yrb1p in yeast), binds to Ran-GTP and enhances the activity of RanGAP in vitro (Bischoff et al., 1995) . Conversely, Ntf2p binds specifically to Ran-GDP (Nehrbass and Blobel, 1996) . Both are essential for nuclear transport and may function in directing the movement of Ran between the nucleus and the cytoplasm.
Since it appears that Ran and the importins move into the nucleus during a single round of protein import, they would be expected to exit the nucleus and return to the cytoplasm for another round of transport. What governs such movement between cellular compartments is presently unclear. However, the nucleotide bound state of Ran may also influence the transit of importin ␣ out of the nucleus. Importin ␣ accumulates in the nucleus of cells defective in exchange of Ran-GDP for GTP (Koepp et al., 1996) . Thus, when the ratio of Ran-GDP is increased relative to Ran-GTP inside the cell, either the rate of export of importin ␣ is slowed or the rate of import is increased.
The nucleotide state of Ran also determines the makeup of particular complexes of nuclear transport factors. A complex of importin ␣, importin ␤, and an NLS-bearing protein is stable in the presence of Ran-GDP (Rexach and Blobel, 1995) . However, when bound to GTP, Ran is able to displace importin ␣ and its NLS- cleus, causing the release of importin ␣ and the NLS-(B) One dimensional diffusion of the nuclear transport complex (NTC) containing protein into the nucleoplasm (Gö rlich et al., along cytoplasmic fibers that extend from the NPC could explain movement of the NTC to the pore. At the nuclear end of the fiber, 1996). Recent results have suggested that Ran-GDP is translocation of the NTC into the nucleus occurs as a result of the the active form of Ran in import  dissociation of the NTC by Ran-GTP. Weis et al., 1996) . This result suggests that the purpose (C) Alternatively, the NTC could move through the NPC using reof GTP hydrolysis by Ran may only be to generate Ranpeated rounds of GTP hydrolysis.
GDP and the energy requirement for nuclear protein import may be indirect.
Ran is the only phosphate-hydrolyzing protein that diHowever, GTP hydrolysis by Ran also seems to be rectly contributes to nuclear protein import. However, able to effect transport. This is evidenced by the requireusing the identical mutant in combination with a different ment for the cytosolic GAP to drive import and by the system, Sweet and Gerace (1996) find evidence for an inhibitory effects of nonhydrolyzable nucleotides on in additional, hitherto unsuspected nuclear-associated vitro import assays (Melchior et al., 1993; Moore and GTPase. Comparison of the two assays is complicated Blobel, 1993; Corbett et al., 1995) . But is Ran the only by the differing requirements for each. Thus, it is still GTPase involved in import? Given the extraordinary unclear how many GTPases and how many GTP molelength of the NPC (approximately 200-300 Å ), it is not cules are actually required for a single transport event. unreasonable to imagine that a molecular motor system How Proteins Enter the Nucleus might be involved in translocation. However, there is no Current thinking about other intracellular translocation direct evidence for any protein other than Ran that uses events has resulted in one paradigm, often applied to ATP or GTP in nuclear protein import. In fact, to address long-range movement events, called the "diffusion this question, Weis et al., 1996 have now constructed ratchet" (Simon et al., 1992) . One version of the "diffua Ran mutant protein that binds specifically to xanthine sion ratchet" model, incorporating much of what is nucleotides, and have shown that an in vitro nuclear known about the function of Ran, is illustrated in Figure  transport reaction composed of purified transport fac-2A for a single movement through a conceptual "gate" tors can take place in the presence of XTP and the inhibitors ATP␥S and GTP␥S. These results indicate that somewhere along the NPC. The "gate" separates the cytoplasm from the nucleoplasm. On the cytoplasmic side of the gate, importin ␤ is bound to the nuclear pore complex. Brownian motion allows importin ␤ to shift positions such that it could occasionally move through the "gate" and into the nucleus. Importin ␣ and an NLScontaining protein can bind to ␤ as it faces the cytoplasm. When Brownian motion places this complex momentarily into the nucleoplasm, Ran-GTP, generated by the action of the nuclear-based exchange factor on Ran-GDP, liberates importin ␣ and the NLS-containing cargo into the nucleoplasm . It has been noted that NLS-conjugated gold particles are seen at several positions within the nuclear pore and on fibers that extend from the NPC into the cytoplasm suggesting a route by which proteins reach the pore (Richardson et al., 1988) . We propose that one-dimensional diffusion could enhance the rate at which transport complexes arrive at the pore ( Figure 2B ). In this model, a complex including the NLS-containing protein NPC. The complex would be constrained to one-dimensional diffusion along the fiber in a manner resembling the diffusion of DNA-binding proteins along DNA, a procytoplasmic complex of importin ␣ and ␤ function in the cess that accelerates the rate at which proteins such import of CBC and a nuclear complex of importin ␣ and as Lac repressor can find their correct binding site (Lin CBC function in the export of snRNA. An alternative and Riggs, 1972). In principle, such diffusion could occur interpretation is that importin ␣ "hitches a ride" with in both directions. However, at one end of the fiber, CBC to exit the nucleus and plays no direct role in snRNA GDP-GTP exchange would provide a means to break export. Furthermore, export of importin ␣ in complex the complex and "pull" the NLS-containing protein into with CBC cannot be the only means of exiting the nuthe nucleus.
cleus for importin ␣, as the absence of CBC is not lethal, Several alternatives are possible. For example, a more at least for the yeast cell. In addition, an untested predictraditional "diffusion-ratchet" model couldexplain movetion of this model is that mutant alleles of importin ␣ ment along the fibers and in the pore, using repeated should exhibit defects in the export of capped U rounds of GTP hydrolysis to move NLS-containing comsnRNAs. plexes along the fibers and through the nuclear pore
The export of mRNA from the nucleus may proceed ( Figure 2C) , with or without the presence of a "gate". If by a similar pathway that is, in principle, the reciprocal Ran is the hydrolysis engine, such a model would involve of the protein import pathway. Numerous RNA binding spatial overlap between the GAP and exchange factor proteins, such as some hnRNPs, have been shown to activities for Ran, suggesting a role for an additional shuttle between the nucleus and the cytoplasm (see NPC-associated Ran-specific GTPase activating proIzaurralde and Mattaj, 1995, for review). As such, these tein (Sweet and Gerace, 1996) or nucleotide exchange shuttling RNA-binding proteins have been proposed to factor. Additional potential homologs of RCC1 can be act as carriers of mRNA out of the nucleus. Once in found in the yeast genome database, presenting the the cytoplasm, the mRNA dissociates from its carrier, possibility of additional exchange factors.
perhaps by replacement with cytoplasmic RNA-binding Coupling of Protein and RNA Movement proteins or recruitment into ribosomes. The carrier proThe entry of transport factors into the nucleus during teins would then reenter the nucleus for additional nuclear protein import provokes two questions: how do rounds of export. Support for such a mechanism comes the transport factors exit the nucleus, and do import from experiments with the yeast shuttling protein Npl3p; factors play a role in RNA export as well? Gö rlich et al.
mutations in Npl3p block both mRNA export and export (1996 [this issue of Cell]) now present data implicating of Npl3p from the nucleus. Similarly, export of Npl3p importin ␣ directly in export of snRNAs. They find that depends on ongoing RNA synthesis (Lee et al., 1996) . a significant fraction of yeast importin ␣ associates with Taken together, Npl3p and similar proteins, such as the cap binding complex (CBC), a multicomponent hnRNPA1 and the HIV Rev protein, exhibit characterisstructure which shuttles between the nucleus and the tics expected for RNA transporters. It remains to be cytoplasm while directing the export of capped U shown whether or not these proteins, like CBC, are cousnRNAs. While it is not surprising that importin ␣ should pled to importins for export. However, the observation bind to a protein targeted to the nucleus, it is unusual that the nucleotide bound state of Ran causes defects in that importin ␣ does not dissociate from CBC upon nuboth mRNA and importin ␣ export provides an important clear entry. Even more intriguing is the observation that link. importin ␤ can dissociate RNA from the importin ␣-CBC Implicit in these proposed models is the notion that complex. This result leads Gö rlich et al. (1996) to suggest a model (shown in Figure 8 of their paper) in which a some or all of the "import" factors must cycle between the nucleus and the cytoplasm. The molecular details of the export of transport factors themselves are not clear. Nevertheless, we can speculate about the export process using the principles already discussed ( Figure  3) . Once inside the nucleus, importin ␣ must dissociate from the NLS-bearing substrate, which may be accomplished by competition with RNA-binding proteins. Ran may move out of the nucleus as a complex of Ran-GTP-importin ␤. Dissociation of these two proteins could be a result of the GAP activity of Rna1p, either inside the NPC or on the cytoplasmic face of the NPC. There is evidence that Rna1p can interact with importin ␤ (Koepp et al., 1996) . The precise signal for an irreversible step of export is unclear, but it is possible that free importin ␤ could dissociate importin ␣ from RNA-binding proteins. Thus, the key players in nuclear protein import would be regenerated for another round of transport.
